Polycomb group proteins are transcriptional repressors that are important regulators of cell fate 25 during embryonic development. Among them, Ezh2 is responsible for catalyzing the epigenetic 26 repressive mark H3K27me3 and is essential for animal development. The ability of zebrafish 27 embryos lacking both maternal and zygotic ezh2 to form a normal body plan provides a unique 28 model to comprehensively study Ezh2 function during early development in vertebrates. By using a 29 multi-omics approach, we found that Ezh2 is required for the recruitment of 
Introduction 38
Development of multi-cellular organisms involves highly dynamic and controlled processes during 39 which one single totipotent cell will multiply and differentiate into all the cells composing the adult 40
individual. Specification of cell identity is controlled through the establishment of spatially and 41 temporally restricted transcriptional profiles, which are subsequently maintained by epigenetic 42 mechanisms(1). Epigenetic maintenance of gene expression can act through modifications of the 43 chromatin, the complex of DNA wrapped around an octamer of histones H2A, H2B, H3, and H4 and 44 its associated proteins and non-coding RNAs, creating an epigenetic landscape, often referred to as 45 the epigenome(2). These modifications can be propagated from mother to daughter cells and 46 thereby maintain gene expression profiles by controlling the accessibility of the DNA to the 47 transcriptional machinery(3). 48
Important regulators of the epigenome during development are the Polycomb Group (PcG) proteins. 49
First identified in Drosophila melanogaster, PcG proteins were found to maintain the pre-established 50 pattern of hox gene expression(4). Subsequent studies showed that PcG proteins are important for 51
proper patterning during early embryonic development, tissue-specific development, and 52 maintenance of the balance between pluripotency and differentiation of stem cells in multiple 53 species(5). Two main PcG complexes have been described(6). The Polycomb Repressive Complex 2 54 (PRC2) is composed of the core subunits EZH1/2 (Enhancer of Zeste Homologue 1/2), SUZ12 55 (Supressor of Zeste 12), and EED (Embryonic Ectoderm Development). EZH2 has a catalytically active 56 SET domain that trimethylates lysine 27 of histone H3 (H3K27me3), an epigenetic mark associated 57 with gene repression and found along gene coding sequences(7). The catalytic subunits of PRC2 are 58 mutually exclusive and EZH1 is postulated to complement the function of EZH2 in non-proliferative 59 adult organs(8, 9). H3K27me3 can be recognized by the Polycomb Repressive Complex 1 (PRC1). A 60 diversity of PRC1 compositions has been described and canonical PRC1 is composed of the core 61 
Results

97
The repressive epigenetic mark H3K27me3 is absent in MZezh2 embryos 98
To study the function of Ezh2 during development, we used the ezh2 nonsense mutant allele 99 ezh2(hu5670) containing a premature stop codon within the catalytic SET domain and resulting in 100 the absence of Ezh2 protein(28). Elimination of both maternal and zygotic contribution of Ezh2, by 101 using the germ cell transplantation technique described previously(28, 30), allowed us to study the 102 function of Ezh2 during early development. As previously shown, MZezh2 mutant embryos display 103 normal body plan formation and a mild phenotype at 24 hpf. They die at 48 hpf, at which point 104 pleiotropic phenotypes are observed, such as smaller eyes, smaller brain, blood coagulation, and 105 absence of pectoral fins ( Figure. 1A ). Western Blot analysis at 3.3 hpf and 24 hpf confirmed the 106 absence of both maternal and zygotic Ezh2 in these mutants, respectively ( Figure 1B Figure 1B) . 138
In MZezh2 mutant embryos, the binding of Ezh2 and H3K27me3, as detected by ChIP-seq, was 139 virtually absent, with 3 and 22 peaks detected for Ezh2 and H3K27me3, respectively ( Figure 1C) . 140
Manual inspection of these remaining peaks revealed that they are present in gene deserts and low 141 complexity regions and are probably artefacts (Supplementary Figure 1C) . Ezh2 and H3K27me3 142 8 coverage was reduced to background levels in MZezh2 mutants compared to wildtype ( Figure 1C) . 143
Finally, the hoxab gene cluster, tbx3a, tbx5a, gsc, and isl1 loci, targeted by PcG repression in 144 wildtypes, also showed a complete absence of Ezh2 and H3K27me3 binding in MZezh2 mutants 145 ( Figure 1F,G, Supplementary Figure 1B) . 146
Altogether, these results demonstrate that the absence of maternal and zygotic Ezh2 results in a 147 complete absence of Ezh2 and H3K27me3 from chromatin. Figure 1E ). We found that 84.9% of Ezh2 peaks were also positive for 156 Rnf2 in wildtype embryos (Supplementary Figure 1A) . 157
In MZezh2 mutant embryos, only 11 binding sites could be detected for Rnf2 ( Figure 1C H3K27me3 in wildtype embryos. In wildtype embryos, 6.1% of H3K4me3 peaks were also covered by 214 H3K27me3, which is more than expected by random chance (P-value < 0.001). In MZezh2 mutant 215 embryos, a significant increase to 8.3% of the H3K4me3 peaks was found on regions positive for 216
H3K27me3 in wildtypes embryos (P-value < 0.001). This enrichment was even higher when taking 217 into account only the MZezh2 mutant specific H3K4me3 peaks (25.1% with P-value < 0.001) (Figure 218 To find all the potential direct targets of PcG-mediated repression gaining H3K4me3 in absence of 232 Ezh2, we searched for the closest genes of the H3K4me3 mutant-specific peaks, which had an 233
H3K27me3 peak in wildtype embryos, and identified 463 genes. Gene ontology analysis revealed 234 that these genes were mainly involved in transcriptional regulation and organismal development 235 ( Figure 2H ). Among these 463 identified genes, 143 encode for transcription factors, among which 236 were members of the hox, tbx, sox, and pax gene families, known targets of PcG complexes. 237
During development, gene transcription is also controlled by enhancer activation(33). H3K27me3 238 and H3K27ac are known to have an opposite effect on enhancer activation, the former being 239 associated to poised enhancers and the latter to active enhancers(34). We studied the binding of 240 limited effect on the transcriptome upon the loss of Ezh2. Only 60 genes were detected to be 253 significantly upregulated (log 2 FC ≥ 1 and P-adj < 0.05) and 28 genes downregulated (log 2 FC ≤ -1 and 254 P-adj < 0.05) in MZezh2 mutants ( Figure 3A ). When inspecting the upregulated genes, we found 60% 255 of the upregulated genes (compared to 9.3% in all genes, P-value < 0.001) to be targeted by 256 processes of regulation of transcription and development ( Figure 3E ), a majority of these genes 297 encoding for transcription factors. Anatomical terms associated with the deregulated genes 298 indicated that these genes were expressed in organs showing strong phenotypes in MZezh2 mutant 299 embryos, such as fin bud, retina, and heart tube (Supplementary Figure 3A) . 
MZezh2
-/-compared to wildtype embryos at 24 hpf in our RNA-seq experiments. 325 18 326 Furthermore, in addition to Ezh2, Suz12b was found to be downregulated in MZezh2 mutant 327 embryos ( Figure 4A ). Other PRC2 subunits were either not detected or (not significantly) 328 downregulated. Subunits of the canonical PRC1 complex were mostly overexpressed, although not 329 significant (Supplementary Figure 3B) . 330
The low number of deregulated genes detected by both transcriptomic and proteomic analyses 331 suggests that changes in expression could be either global and low in intensity or limited to specific 332 cell types or tissues. To test these hypotheses, we carried out a spatial expression analysis on 333 selected target genes. 334
335
Loss of ezh2 results in expression of hox genes outside their normal expression domains 336
To start with, we focused on expression of different genes from the hox gene family. These genes 337 are known targets of Polycomb-mediated repression(37) and some of them have been previously 338 shown to be deregulated in MZezh2 mutant embryos(28). Every hox gene has an expression pattern 339 that is restricted along the anterior-posterior axis(38). To obtain spatially resolved data along the 340 anterior-posterior axis, we performed RT-qPCR on the anterior half and the posterior half of 24 hpf 341 wildtype and MZezh2 mutant embryos. We then compared the normalized relative expression levels 342 between the different halves of the MZezh2 mutant and wildtype embryos. The tested hox genes 343
were selected based on their domain of expression along the anterior-posterior axis (Figure 5A-D) . 344
The hoxa9a gene, whose expression extends to anterior, until slightly outside the posterior half of 345 the embryos, showed, as expected, a higher expression in the posterior part than in the anterior part 346 in wildtype embryos ( Figure 5A ). In MZezh2 mutants, hoxa9a was overexpressed in the anterior 347 compartment compared with wildtype embryos, reaching levels similar to those observed in the heart, except for tbx2b ( Figure 6A ). This scattering in gene expression was reflected in a trend 411 towards a higher expression in the anterior half of MZezh2 mutant embryos as detected by RT-qPCR, 412 although only tbx2a and tbx5a results were significant ( Figure 6B ). In addition, ISH for tbx5a, and to 413 a lesser extent tbx3a, showed ubiquitous expression throughout the entire body of MZezh2 mutants 414 which was not visible in wildtypes ( Figure 6A ). RT-qPCR results confirmed increased expression of 415 tbx5a in both the anterior and posterior half of the MZezh2 mutant embryos ( Figure 6B) . 416
Beside the observed ectopic expression, all tested tbx genes showed absence of expression in 417 specific structures upon Ezh2 loss. For example, in MZezh2 mutant embryos, all four tbx genes 418 showed no expression in the fin bud ( Figure 6A ). In MZezh2 mutant embryos, the gene tbx2b 419 showed no expression in the pharyngeal arches 3-7 and the lateral line ganglions, and tbx3a was not 420 observed in the branchial arches (Fig 6a) . This absence of expression was not detected by RT-qPCR 421 ( Figure 6B ) but a trend toward downregulation for tbx2b was observed in RNA-seq results on whole 422
MZezh2 mutant embryo lysates ( Figure 6C) . showed that, among the tbx genes examined, some were overexpressed outside their normal 502 expression domains (tbx2a, tbx3a, and tbx5a), whereas others were also ubiquitously upregulated 503 (tbx3a and tbx5a). The case of eye patterning is a good example of the defect in control of gene 504 expression pattern in MZezh2 mutant embryos. In wildtype embryos, at 24 hpf, tbx genes are 505 expressed in the dorsal part of the eye whereas isl1 is expressed in the ventral part. Upon loss of 506 Ezh2, our ISH results showed that the expression of the tbx genes expands to the whole eye whereas 507 isl1 disappears from the ventral region. We concluded that Polycomb-mediated repression is 508 therefore responsible for maintenance of expression domains rather than control of expression 509
level. 510
Expression analysis by ISH for tbx and hox genes as well as for isl1 also showed loss of expression in 511 specific structures in MZezh2 mutant embryos. We reasoned that the absence of expression of hox 512 and tbx genes in the fin bud could be a secondary effect due to the absence of this structure in 513
MZezh2 mutants(28). The same phenomenon could explain the lack of detection of tbx2b and isl1 in 514 pharyngeal arches, pronephros, and lateral line ganglions. The case of gsc expression is more 515 28 striking, as its normal expression pattern is totally abolished and replaced by a ubiquitous expression 516 pattern. The gsc gene is known to be expressed in the Spemann organizer during gastrulation and 517 therefore all cells will transiently express gsc when undergoing gastrulation(62, 63). In absence of 518 Ezh2, gsc expression could remain active in all cells after leaving the Spemann organizer, leading to a 519 ubiquitous expression pattern and impaired tissue specific expression in 24 hpf MZezh2 mutant 520 embryos. 521
To conclude, our results show that early embryonic development, including germ layer formation 522 and cell fate specification, is independent of PcG-mediated gene repression until axis are formed and 523 organs specified. PcG-mediated gene repression is then required to control precise spatial restricted 524 expression of specific transcription factors. We hypothesize that subtle changes in expression of 525 these master gene regulators subsequently will lead to progressive and accumulating changes in Table S2 ), of which the restriction profile is shown on Supplementary 538 Figure 1F . All experiments were carried out in accordance with animal welfare laws, guidelines, and 539 policies and were approved by the Radboud University Animal Experiments Committee. 540 541
Germ cell transplantation 542
Germ cell transplantation was performed as described previously(28). For all experiments below, 543 ezh2 germline mutant females were crossed with ezh2 germline mutant males to obtain 100% 544
MZezh2 mutant progeny. The germline wild-type sibling males and females obtained during 545 transplantation were used to obtain 100% wildtype progeny with similar genetic background and are 546 referred to as wildtype. The embryos used were all from the first generation after germline 547 transplantation. 548
549
Western blotting 550
At 3.3 hpf, 50 embryos were collected, resuspended in in 500 µl ½ Ringer solution (55 mM NaCl, 1.8 551 mM KCl, 1.25 mM NaHCO 3 ) and forced through a 21G needle and a cell strainer in order to remove 552 the chorion and disrupt the yolk. At 24 hpf, 20 embryos were collected and resuspended by 553 thorough pipetting in 500µl ½ Ringer solution in order to disrupt the yolk. The samples of 3.3 and 24 554 hpf were centrifuged for 5 minutes at 3,500 g at 4°C and washed two additional times with 500 µl ½ 555
Ringer solution. The embryo pellet was frozen in liquid nitrogen and stored at -80°C. Whole protein 556 extraction was performed by adding 40 µl of RIPA buffer (100 mM Tris-HCl pH 8, 300 mM NaCl, 2% 557 NP-40, 1% Sodium Deoxycholate, 0.2% SDS, 20% glycerol, 1x cOmplete EDTA-free protease inhibitor 558 cocktails from Sigma) and sonication for 2 cycles of 15s ON and 15s OFF on medium power at 4°C on 559 a PicoBioruptor (Diagenode). After 10 minutes incubation at 4°C, embryo lysates were centrifuged 560 for 12 minutes at 16,000 g at 4°C and supernatant was transferred in a new tube. 20 µg protein was 561 mixed with SDS containing sample loading buffer, denaturated at 95°C for 5 minutes and analyzed by 562
Western blot analysis. Antibodies used for immunoblotting are described in Supplementary Table S3  563 HRP-conjugated anti-rabbit secondary antibody was used (Supplementary Table S3 
ChIP-sequencing 568
For chromatin preparation, embryos from a germline mutant or germline wildtype incross were 569 collected at 24 hpf and processed per batches of 300 embryos. Embryos were first dechorionated by 570 pronase (0.6 µg/µl) treatment and then extensively washed with E3 medium. Subsequently, embryos 571 were fixed in 1% PFA (EMS, 15710) for 15 minutes at room temperature and fixation was terminated 572 by adding 0.125M glycine and washed 3 times in cold PBS. Yolk from fixed embryos was disrupted by 573 pipetting the fixed embryos 10 times with a 1 ml tip in 600 µl of ½ Ringer solution (55 mM NaCl, 1.8 574 mM KCl, 1.25 mM NaHCO 3 ) and incubated for 5 minutes at 4°C on a rotating wheel. Embryos were 575 pelleted by centrifuging 30 seconds at 300 g and the supernatant was removed. De-yolked embryos 576 were resuspended in 600 µl sonication buffer (20 mM Tris-HCl pH 7.5, 70 mM KCl, 1 mM EDTA, 10% 577 glycerol, 0.125% NP40, 1x cOmplete EDTA-free protease inhibitor cocktails from Sigma) and 578 homogenized with a Dounce homogenizer (6 strokes with pestle A, followed by 6 strokes with pestle 579 B). Homogenates were sonicated for 6 cycles of 30 seconds ON/30 seconds OFF on a PicoBioruptor 580 (Diagenode), centrifuged for 10 minutes at 16,000 g at 4°C, and the supernatant containing the 581 chromatin was stored at -80°C. 20 µl of the supernatant was subjected to phenol-chloroform 582 extraction and ran on an agarose gel to verify that a proper chromatin size of 200-400 bp was 583 obtained. 584
For ChIP, 100 µl of chromatin preparation (corresponding to 50 embryos) was mixed with 100 µl IP-585 buffer (50 mM Tris-HCL pH 7.5, 100 mM NaCl, 2 mM EDTA, 1% NP-40, 1x cOmplete EDTA-free 586 protease inhibitor cocktails from Sigma) and antibody (for details on antibodies used see 587 Supplementary Table S3) and incubated overnight at 4°C on a rotating wheel. For 588 immunoprecipitation, 20 µl of protein G magnetic beads (Invitrogen, 1003D) were washed in IP 589 buffer and then incubated with the chromatin mix for 2 hours at 4°C on a rotating wheel. Samples 590
